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ABSTRACT 

This paper compares two previously published design procedures 
for two different multivariable control design techniques for ap- 
plication to a linear engine model of a jet engine. The two multivari- 
able control design techniques compared were the Linear Quadratic 
Gaussian with Loop Transfer Recovery (LQG/LTR) and the H-In- 
finity (tf « ) synthesis. The two control design techniques were used 
with specific previously published design procedures to synthesize 
controls which would provide equivalent closed loop frequency re- 
sponse for the primary control loops while assuring adequate loop 
de-coupling. The resulting controllers were then reduced in order to 
minimize the programming and data storage requirements for a typ- 
ical implementation. The reduced order linear controllers designed 
by each method were combined with the linear model of an ad- 
vanced turbofan engine and the system performance was evaluated 
for the continuous linear system. Included in the performance anal- 
ysis are the resulting frequency and transient responses as well as 
actuator usage and rate capability for each design method. The con- 
trols were also analyzed for robustness with respect to structured 
uncertainties in the unmodeled system dynamics. The two controls 
were then compared for performance capability and hardware im- 
plementation issues. 

Introduction 

Future fighter aircraft designs will require highly responsive pro- 
pulsion systems to achieve superior agility and maneuverability. In 
order to meet the increased performance requirements, propulsion 
system manufacturers are migrating away from traditional single 
input single output control architectures and are beginning to imple- 
ment and test linear multiple input multiple output multivariable 
control architectures in their technology programs. 

The Linear Quadratic Gaussian with Loop Transfer Recovery 
(LQG/LTR) and H-Infinity (//») design techniques are well 
known and well documented in the literature. Numerous references 


are available for the mathematical formulation and sample applica- 
tions of these two design techniques with specific application pro- 
cedures (Athans, 1986 and Gaig, 1993). Both of these design tech- 
niques have been reviewed when applied to aircraft flight control 
systems, this paper reviews the design techniques and application 
procedures when applied to the turbofan engine control problem. 
The work described herein compares the resulting overall system 
performance and implementation issues for the two multivariable 
control designs and is not intended to be a detailed review of the 
design steps for the two design procedures, nor does it suggest any 
possible variations to these design procedures. Rather, it highlights 
the design procedures and provides all pertinent references required 
to recreate the analysis. 

The discussion is organized in the following manner. The linear 
engine model and actuator model that are used for the controller 
synthesis will be defined. The selected control mode for the control- 
ler synthesis will be identified. The two controller synthesis tech- 
niques will be briefly outlined. The method for reducing the control- 
ler order will then be discussed, and the computational 
requirements of the reduced order controllers will be reviewed. 
These controllers will then be exercised transiently and system per- 
formance will be compared. The issue of robustness for structured 
uncertainties in the unmodeled system dynamics will then be ex- 
plored. Finally, the two controllers will be compared in terms of 
overall performance capabilities. 

Engjpe Model 

The engine model used in the control design is linear model of an 
advanced afterburning turbofan engine at maximum non-aug- 
mented power. The engine model is represented in the following 
state space form: 

X = Aeog X + Beng U 



Y = CeQgX + DengU 


[ 2 ] 

where the state vector is 

X = [N1 , N2, TMHPT] 7 [3] 

and the states are defined as: 

N1 = Low Pressure Compressor Speed (RPM) 

N2 = High Pressure Compressor Speed (RPM) 

TMHPT = Metal Temperature of the High 
Pressure Turbine (Degrees C). 

The control input vector is 

U = [WF, AJ, crvv, RCW1 t f4] 

where the inputs are defined as: 

WF = Main Burner Fuel Flow (Kg/HR) 

AJ = Nozzle Exit Area (M 2 ) 

CIW = Low Compressor Inlet Variable Guide 
Vanes (Degrees) 

RCW= Rear Compressor Inlet Variable Guide 
Vanes (Degrees). 

The output vector is : 

Y = [OPR,EPR,Nl,N2] 7 [5] 

and the outputs are defined as: 

OPR = Ratio of Burner Pressure/Inlet Pressure 
(Dimensionless) 

EPR = Ratio of Nozzle Pressure /Inlet Pressure 
(Dimensionless) 

N1 = Low Pressure Compressor Speed (RPM) 

N2 = High Pressure Compressor Speed (RPM). 

OPR, EPR and N2 are the sensed outputs for the control loops and 
N1 is used for the inner loop scheduling for the Low Compressor 
Inlet Variable Vanes (CTVV).This model is a perturbation model 
and model inputs and outputs are deltas from the nominal operating 
point CIW is scheduled open loop as a function of N1 and is in- 
cluded in the synthesis because of its’ transient effects on EPR. The 
scale factor for CIW/Nl is 0.01244 Degrees/RPM. The numerical 
values for the system matrices: Aeng, Beng, Ceng, Deng, for the en- 
gine model are listed in the appendix. 


Actuator Model 

The actuator dynamics are represented as first order lags with 
loop gains of 25 radians/second for the WF, CIW, and RCW 
loops. The AJ actuator loop is represented by a second order system 
with 0) = 0.45 and £= 55 .8 in series with a first order lag with a loop 


gain of 15 radians/second. See Figure 1 for the schematic view of 
the integrated engine /actuation system. 



FIGURE 1. INTEGRATED ENGINE/ACTUATION SYSTEM 
OVERVIEW 


Control Mode 

The engine transient control mode was selected because of in- 
herent properties for directly controlling the engine operating line 
during transient operation (Larkin, 1994), while providing rapid 
precise control of engine thrust. The three control loops are the ratio 
of burner pressure to inlet pressure (OPR), the ratio of nozzle pres- 
sure to inlet pressure (EPR), and High Rotor Speed (N2). The Con- 
troller outputs are main burner fuel flow (WF), nozzle exit area (AJ) 
and rear compressor inlet variable guide vanes (RCW). The con- 
trol specification is to track the input commands while maintaining 
zero steady-state error in a de-coupled manner. The desired band- 
widths for all the control loops are 10 (radians/second). 


Controller Synthesis 

These two controller synthesis procedures are of particular inter- 
est because of the ease in solving multivariable control problems 
with available commercial software analysis tools to assist in the 
numerical computations. These procedures require a minimal 
amount of effort to setup the design plants and the computations can 
easily be repeated for numerous applications without significant 
changes to the design setup. Both LQG/LTR and Hoo controller 
synthesis procedures were completed using MAXRIXx with Robust 
Control Module, and other in house analysis tools. 

The LQG/LTR synthesis was completed using the method de- 
scribed in (Athans, 1986). In this method, the calculation of the 
LQG/LTR controller is straight forward in that the control system 
designer specifies a properly scaled nominal plant model and ap- 
pends the necessary integrators to meet the command following and 
disturbance rejection performance specifications. The control sys- 
tem designer defines a target feedback which recovers the controller 
outputs loop via a Kalman Filter and solves the Ricatti equation to 
obtain the full state feedback gain matrix. See Figure 2 for the LQG/ 
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LTR compensator structure. In Figure 2, A, B and C represent the 
matrices for the design plant Additionally, this LQG/LTR control- 
ler synthesis provides some highly desirable stability guarantees, 60 
degrees phase margin and 6 dB gain margin. This particular synthe- 
sis does not however directly address any control usage and control 
rate considerations. The concept of control usage and control rates 
will be discussed further in the Performance Analysis Section. 

The LQG/LTR design requires a properly scaled nominal plant 
Garg, (1989) discusses the importance of scaling the nominal plant 
in terms of the singular values of the controller outputs. Improperly 
scaled nominal plants can result in very poor target feedback loops 
and thus poor controllers. Other design techniques (Larkin, 1985) 
which recover the target feedback loops at the controller inputs do 
not require the same attention to scaling to obtain good target feed- 
back loops. The scale factors were chosen as the inverse of the nom- 
inal operating point for the engine model inputs and outputs, except 
for the RCW scale factor. The RCW range of motion is -35.0 to 
+5.0 degrees, and the initial condition of the control input for the 
model selection is 0.0. Therefore the inverse of the range of motion 
was chosen as the scale factor for the RCW loop. The complete ac- 
tuator dynamics were included in the LQG/LTR nominal plantmod- 
el. 



FIGURE 2. LQG/LTR COMPENSATOR STRUCTURE 


of another set of integrators in the controller implementation. The 
resulting LQG/LTR controller was 17th order, the three states of en- 
gine model, six states of the actuator model and three additional 
states for the augmented plant and three states for controller integra- 
tors to account for the augmented plant. 



FIGURE 3. AUGMENTED SCALED LQG/LTR DESIGN 
PLANT 

The H&> engine control design problem is formulated as a com- 
mand tracking, disturbance rejection problem within the framework 
of the general mixed sensitivity if® control problem (Chiang and 
Satonov, 1988). The detailed block diagram for the H » formula- 
tion of the engine control design is shown in Figure 4. In Figure 4, 
the controller variables are Z and the corresponding reference com- 
mands are 7^. The three transfer functions that are of interest for 
such a problem are the sensitivity function S(s), the complimentary 
sensitivity function T(s), and the control transmission function C(s). 
These represent the closed loop transfer functions from the refer- 
ence commands and disturbances to the tracking errors, controlled 
variables and commanded control inputs, respectively. In order to 
influence both the low frequency and high frequency properties of 
the closed loop system, it is desirable to obtain a controller K(s) 
which minimizes a weighted norm of the combination of these three 
transfer functions, i.e. 


This particular LQG/LTR synthesis does not allow for non-zero 
D Matrix in the nominal plant. Therefore, two first order lags with 1 
millisecond delays were added to the OPR, and EPR outputs to re- 
move any direct feed through terns in the systems outputs (a zero D 
Matrix). Also the properly scaled plant was augmented with three 
integrators. Integrators were added in each of the control loops to 
provide for command tracking and zero steady-state error to step 
commands. The complete LQG/LTR augmented scaled design 
plant is shown in Figure 3. In Figure 3, Su and Sy are the scale fac- 
tors for the inputs and the outputs respectively. The numerical val- 
ues for Su and Sy are listed in the appendix. 

Obtaining an acceptable controller required a minimal number of 
iterations. After controller synthesis was completed the bandwidth 
specification was checked, the target feedback loop design was mo- 
dified and the process was repeated until design specifications were 
met The LQG/LTR synthesis resulted in a controller which met the 
10 radian/second bandwidth specification while maintaining loop 
de-coupling. This particular design procedure requires the inclu- 
sion of integrators in the scaled design plant and then the inclusion 


min 

stabilizing K(s) 


II H(s)|U 


with H(s) = 


’W&) • S(s)~ 

w&) • ns) 
w^) • as) 


where |H(s)| a = sup(a max [ho©)]). 
to 

The terms W$(s), Wj(s) , and W^(s) are the weighting functions 
that the control designer uses as “knobs” to tune the controller K(s) 
such that the control design objectives are met For the command 
tracking and disturbance rejection problem at hand, W§(s) should 
be chosen to be large at low frequencies and small at high frequen- 
cies to ensure good command tracking, while Wx(s) should be cho- 
sen small at low frequencies and large at high frequencies to ensure 
robustness to high frequency unmodeled dynamics, and Wc(s) is 
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chosen to ensure that achievable actuation bandwidths and control 
rates and control usage are obtained in the controller K(s). 

The H » synthesis requires normalization of the plant inputs and 
outputs, so that the controller calculation is based upon the unity in- 
puts and outputs in the norm that is being minimized. The normal- 
ization factors are chosen by a simple analysis of the engine model 
that requires stepping each of the engine model inputs (WF, AJ, 
RC W) either ten percent of their base values or ten percent of the 
full range of motion and observing the change in the engine model 
outputs which are used as controller inputs (i.e., OPR, EPR, N2). 
The inverse of the maximum of the changes in the controller inputs 
is then selected as the output normalization factors, and the maxi- 
mum of the changes in the controller inputs is selected as the com- 
mand normalization factor. The control usage and control rate 
weighting factors form the control transmission weighting factors 
Wc(s). The control usage weighting factors are the inverse of either 
ten percent of the initial condition or ten percent of the full range of 
motion, as discussed previously. The control rate weighting factors 
are derived as the inverse of the actuator rate capability. The sensi- 
tivity and complimentary sensitivity weighting factors, W$(s) and 
Wp(s) are used to “dial in” the control loop bandwidths. A complete 
listing for the H « design plant weighting factors is included in the 
appendix. 


Wets) 



FIGURE 4. Hoo DESIGN PLANT 

The H 00 synthesis was completed using the method described in 
(Garg, 1993). Obtaining a suitable controller required a minimal 
number of iterations. After the controller synthesis was completed 
the bandwidth specification was checked. The sensitivity and com- 
plimentary sensitivity weighting factors, W$(s) and Wx(s), were 
adjusted and the process was repeated. The//oo synthesis resulted 
in a controller which met the 1 0 radian/second bandwidth specifica- 
tion, while maintaining loop de-coupling. The sole objective of the 
synthesis was to provide a controller which provided the specified 
bandwidth. Therefore, it should be noted that the control usage and 
rate weighting factors were not altered during the controller tuning 
process. The resulting H » controller was 15th order, three states 
for the engine, six states for the actuator model, three states for the 


sensitivity weighting functions, and three states for the complimen- 
tary sensitivity functions. 

A sample of the closed loop frequency response of the OPR loop 
for both the //» and LQG/LTR controllers is shown in Figure 5. 
Figure 5 shows that the both controllers have approximately 10 ra- 
dians/second closed loop frequency response, with adequate loop 
de-coupling. One significant item which should be noted is the rela- 
tive rate of “roll off* forthe command loops. The// oo shows afaster 
roll off rate than the LQG/LTR. The LQG/LTR design procedure de- 
fines target feedback loops which provide a 20dB/decade roll off 
rate which is then recovered in the LQG/LTR controller loops. The 
H » controller design procedure provides a roll off rate which can 
be adjusted through the combination of the sensitivity and compli- 
mentary sensitivity weighting factor functions which can be ad- 
justed as necessary by the designer. 

Controller Reduction 

The //» and LQG/LTR controller are both relatively large, 15th 
and 17th order respectively. Real time implementation issues such 
as data storage and processor through put capability require that the 
controller size be minimized. Several reduction techniques are 
available for minimizing the controller size. Modal residualization, 
internally-balanced reduction and a frequency weighted internally 
balanced reduction technique (Enns, 1984) were reviewed for each 
application. 

The LQG/LTR controller reduction required several attempts. A 
modal residualization resulted in an 11 lh order controller. The fre- 
quency weighted internally balanced reduction technique provided 
no additional reduction. It should be noted that the inclusion of all 
the actuator dynamics could be modified to only include the AJ dy- 
namics, as these dynamic effects present significant dyn ami c inter- 
actions at 15 radians/second. But this would result in a full order 
controller that is 15th order in size and could only be reduced to an 
9th order controller. It was expected that either controller could be 
reduced to less than a 6th order controller, representative of a se- 
cond order controller for each of the three control loops. The eigen- 
values for the LQG/LTR full order controller and the reduced order 
controller are shown in Table 1. 

TABLE 1. LQG/LTR FULL ORDER AND REDUCED OR- 
DER CONTROLLER EIGENVALUES 


Full Order 

Reduced Order 

-0.001 

-0.001 

-0.001 

-0.001 

-0.001 

-0.001 

-0.3898 

-03898 

-2.0596 

-2.0596 

-24.594 

-24.594 

-49.042 + /- 161.95 J 

-49.042 + /- 161.95 J 

-137.41 + / - 114.29 J 

-137.41 +/- 114.29 J 

-180.63 

-1&0.63 ~ 

-372.67 + /- 642.15 J 


-755.71 


-528.88 + /-918.39J 


-1066.2 
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The H® controller reduction also required several attempts, and 
it yielded an 8th order controller. The H » controller was firstmod- 
ally residualized from a 15th order to 12th order. Then a frequency 
weighted internally balanced reduction produced the final 8th order 
controller . Both controller reductions failed to achieve the expected 
6th order or less controller. The eigenvalues for the //» full order 
controller and the reduced order controller are shown in Table 2. 

TABLE 2. W® FULL ORDER AND REDUCED ORDER 
CONTROLLER EIGENVALUES 


FuU Order 

Reduced Order 

-0.013930 

-0.013930 

-0.014923 

-0.014923 

-0.027860 

-0.027860 

-0.033598 

-03914 

-0.39132 

-2.1166 

-2.1167 

-25.370 ' 

-2.5197 +/-0J853J 

24.555+/- 11.226 J 

—24.560 + / — 11.225 J 


-28.728 


-39.035 + /-61347J 


-1779.7 


-2953.5 



The importance of the controller reduction directly effects the ap- 
plication computer in terms of data storage requirements and com- 
puter through put capability. Implementation of the H® 8th order 
controller will require data storage for 121 separate gains and im- 
plementation of the LQG/LTR 11th order controller will require 
data storage for 198 separate gains. In a like manner, the computa- 
tional requirements for the LQG/LTR controller are much larger 
than that of the controller. The LQG/LTR will require 1820 
computations for each calculation cycle while the H ® will require 
803 computations for each calculation cycle. This assumes that the 
controller has a non-zero D matrix and no attempts to minimize the 
controller form, such as converting to the observer canonical format 
for the controllers was attempted. 

The relative data storage requirements and computational re- 
quirements clearly indicate the H ® based controller as the control- 
ler of preference if the decision were based upon application issues 
alone with all other factors being equal. Ihe increasing capability of 
available computer systems in terms of data storage capability and 
processor cycle time could very well make this a moot point. Ob- 
viously, several other issues such as performance and robustness 
must be reviewed prior to selecting the controller design. 

Performance Analysis 

In order to compare the relative merits of two controls with the 
same closed loop bandwidths, the controls were integrated with the 
engine model and some small steps were performed for each of the 
control loops. The objective of the performance analysis is to pro- 
vide a relative comparison of each controller while performing the 
same task. Because the two controllers have approximately the 
same bandwidth specifications, the rise time, transient overshoot 
and settling time will be directly compared. Additionally, the con- 


trol usage and rates utilized during these tasks will be directly 
compared. 

The magnitude of the control loop steps was the same as the com- 
mand scaling used in the Woo controller synthesis. Ihe step magni- 
tude is a very important consideration in this analysis. The range of 
Overall Pressure Ratio (OPR) is 1-30.0 , the range for Engine Pres- 
sure Ratio (EPR) is 1-3.5 and the range for High Rotor Speed (N2) 
is 0 -14000.0 rpm. Obviously a High Rotor Speed command step 
change of 1 ipm for N2 has very little impact on the system, while a 
step command of 1 unit of EPR has a very large impact, and is un- 
realistic for the linear model being used. Utilizing the appropriate 
magnitudes for the step command provides meaningful data for 
analysis. The magnitudes of the steps were : OPR - 1.6183 (dimen- 
sionless), EPR - 0.2553 (dimensionless), N2 - 370.4 (RPM). 

The analysis was performed with all the commanded inputs 
scaled to the specified magnitude and the outputs normalized to the 
inverse of that same value. Hence, a unit command input will result 
in a unit output with the normalized system. This will result in 
normalized control loop parameters while retaining physical engi- 
neering units for the controller outputs (WF, AJ, RCW). 

Each control loop was stepped and analyzed independently. The 
OPR loop step is shown as an example in Figures 6-8. Analysis of 
each of the control loop step commands indicates the following. The 
LQG/LTR controller has a slightly faster rise time, 0.05 seconds 
faster see Figures 6, The LQG/LTR controller also had a slight over- 
shoot in the OPR response (Figure 6) . 

Both the LQG/LTR and W® controllers showed very small per- 
turbations in the inactive controller loops while exercising the com- 
mand steps (See Figure 6). These perturbations were all less than 
five percent of the nominal operating point and neither controller 
showed a distinctive capability over the other in terms loop de-cou- 
pling. This verifies the loop de-coupling characteristic as specified 
in the controller requirements definition. 

Figure 7 shows the steady state control usage for each of the steps 
is similar indicating that the operating point was achieved in the 
same manner, which is expected for the three input by three output 
controller. The controller transitioned from the initial condition to 
the exact same operating condition following the transient 

The control rate activity for the transients was very different. The 
LQG/LTR routinely required “excessive” control rates to achieve 
the commanded step response. This excessive control rate activity 
was not isolated to a single loop. This is illustrated in the comman- 
ded step change in the OPR loop (Figure 8), in which the gas genera- 
tor fuel flow rate, exhaust nozzle area rate and the rear compressor 
variable inlet guide vane rate for the LQG/LTR controller dwarf the 
same rates for the H® controller. The nominal control rate limit for 
the gas generator fuel flow loop is 13,636 Kg/hour,. The LQG/LTR 
controller required a gas generator fuel flow rate capability of 
31,818 Kg/hour, while the W» controller only required a rate capa- 
bility of 5000 Ibm/hour. The nominal exhaust nozzle area control 
rate limit is 0.5 1 M 2 /second. The LQG/LTR controller required an 
exhaust nozzle area rate capability of 0.48 M 2 /second while the H » 
controller required a rate capability of 0.04 M 2 /second. Likewise, 
the rear compressor variable vane rate limit is 85 degrees/second. 
The LQG/LTR controller required a rear compressor variable vane 
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rate capability of 100 degrees/second while the //® controller re- 
quired a rate capability of 20 degrees/second. 

Review of the transient responses for all three steps commands 
would indicate the transient actuator rate capability requirements 
for each controller synthesis. The transient actuator rate require- 
ments for implementing these controller can be interpreted as the 
maximum of the actuator rates from the three steps command re- 
sponse. These maximum s along the nominalrates are listed in Table 
3. A comparison of the design rates and the required rates for the 
two controllers for each actuator loop shows , that new design rates 
would be required or a penalty on the bandwidth specification 
would result if the LQG/LTR controller were implemented as a re- 
sult of rate limited operation. 


TABLE 3. COMPARISON OF TRANSIENT RATE 
REQUIREMENTS 


Actuator 

Loop 

Design 

Rate 

Capability 

LQG/LTR 

Rate 

Requirement 

Z/® 

Rate 

Requirement 

WFGG 

13,636 

31,818 

2252 

AJ 

0.51 

0.48 

0.04 

RCW 

85.0 

420.0 

75.0 


Robustness Analysis 

The two controls being examined were also analyzed for robust- 
ness with respect to the design plant, sensor and actuator uncertain- 
ties. The analysis tools, MAXRIXx Robust Control Module, used 
for the robustness analysis require the designer to specify the uncer- 
tainties as a function of frequency, 5i , and define the magnitude 
bounds each of the uncertainties, if, for the uncertain transfer func- 
tions to be analyzed. This allows for a cumulative estimation of the 
overall stability, as a function of frequency, for the closed loop sys- 
tem for all the uncertain transfer functions. The stability margin is 
then defined as the smallest such that the system can have a pole at j\ 
with the uncertain transfer function satisfying 
((l5i(jco)l £ ali(a)))) : 


margin(G)) = max {{system can hole pole at j with 
magnitude bounds a£(0>)} 
(Integrated Systems, Inc., 1991) 


This resultant estimation of the overall stability is provided in 
decibels (dB) and is not an absolute value of stability. Rather, it pro- 
vides an indication of possible variation in the transfer function un- 
certainties required to stabilize or destabilize the system. A stability 
estimation that is less than zero for certain frequencies indicates that 
some of the uncertain transfer functions will destabilize the system. 

The sensor and actuator uncertainties are normally specified in 
the sensor and actuator design specification requirements. The 
nominal value for sensor uncertainties was specified as five percent 
of the sensors input for all frequencies. The nominal value for the 
actuator uncertainty was specified as 10 percent uniformly for all 
frequencies. The design plant uncertainties are inherent in the de- 
sign process used for estimating the linear model of a nonlinear sys- 
tem. For the purposes of this analysis, the design plant uncertainties 
were defined as the uncertainty between the partial derivatives of 


the rotor speed rates, with respect to the rotors speed states, and the 
fuel flow input. An illustration of these uncertainties would be at- 
taching an uncertainty to the partial derivative of N1 rate, with re- 
spect with respect to N2, and attaching an uncertainty to the partial 
derivative of N1 with respect to WFGG. This results in six uncer- 
tainties being introduced to the design plant. 


The result of the stability margin calculation is shown in Figure 9. 
Both the LQG/LTR and the //® controllers are robustly stable for 
the closed loop system with the uncertainties in the design plant, 
sensor and actuators. It further indicates that the//® controller has 
an increase in stability margin above the 10 radian/second while the 
LQG/LTR stability margin maintains almost constant However, 
the absolute level of stability margin of both controllers indicates 
that neither is in any danger of becoming unstable at any frequency 
for the modeled uncertainties. 


Conclusions 

The ZZ» and LQG/LTR controllers obtained from the specified 
design procedures achieved the required bandwidth specification 
and exhibited similar transient performance in terms of rise time, 
over/under shoot and settling time. Both controllers also exhibited 
approximately the same levels of stability margin. The controllers 
did however vary greatly in how these results were achieved As 
shown the LQG/LTR controller required more data storage capabil- 
ity and computations, than the H°o controller did, to provide the 
equivalent performance. The LQG/LTR controller required very 
large transient actuator rate requirements. This resulted in very 
large positive rate limits followed by large negative rate limits. 
These LQG/LTR controller rate responses appear as overactive 
controller rate usage when compared to the H ® controller. Life 
cycle cost analysis of these types of actuation systems indicates that 
unnecessary cycles and large rate capability requirements for an ac- 
tuation system can result in increased cost and weight and reduced 
life expectancy, which will necessitate costly, frequent replacement 
of these systems. The Z/® controller outputs transition smoothly 
from one operating point to next without overshooting the point, 
thus not requiring large corrections in the controller outputs. 

The H ® controller synthesis includes control usage and rate 
weighting factor specifications along with design plant, sensor and 
actuator uncertainty in the controller synthesis. The LQG/LTR syn- 
thesis used for this application does not include any capability for 
including control rate and usage weighting factors, nor does it in- 
clude the capability to provide for design plant, sensor and actuator 
uncertainty. Other LQG/LTR formulations may be available which 
allow for the inclusion of these factors, but the penalty for this is in 
the ease of the controller formulation and design plant setup. Thus 
for the application examined here, the H ® controller synthesis pro- 
vides superior performance while assuring robustness and minimiz- 
ing the computational requirements of the controller when 
compared to this particular LQG/LTR synthesis. 
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